SUMMARY Local cerebral blood flow (LCBF) and local tissue: blood partition coefficient (LX) values were measured for small volumes of gray or white matter by CT CBF. Single compartment analysis was used but fitted to infinity in normal volunteers aged between 20 to 100 years (N = 20). Hemispheric LCBF and LA. values were compared to those of 61 age matched patients with transient ischemic attacks (TIAs, N = 10), reversible ischemic neurologic deficits (RINDS, N = 10), acute and chronic cerebral infarctions associated with emboli from atherosclerotic plaques or complete occlusion of internal carotid or middle cerebral arteries (n = 9) or of cardiac origin (N = 3), cerebral hemorrhage (N = 1), multi-infarct dementia (MID) (N = 11) and arteriovenous malformations (AVM) (N = 17).
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In normal aging, LXs were normal, but LCBF showed diffuse age-related declines. Symptomatic cerebrovascular disease was characterized by accentuation of age-related LCBF declines. TIAs with unilateral ICA occlusion showed bilateral reductions of LCBF more evident in ischemic hemispheres. TIAs due to fibrinoplatelet emboli from ulcerated, non-occlusive ICA plaques were characterized by transient unilateral, localized LCBF reductions. All TIAs showed normal LX values. RINDS showed both LCBF and LX reductions. Larger embolic infarctions of ICA origin, whether acute or chronic, showed zones of zero flow with surrounding reductions of LCBF and LX values. Recent cerebral embolism of cardiac origin likewise exhibited zones of zero flow surrounded by reduced LCBF and LX values; but in chronic stages LCBF and LX values adjacent to zero flow zones were normal. MID was characterized by patchy reductions of LCBF and LX values throughout both hemispheres. Brain tissues surrounding AVM showed normal LX values but LCBF values were reduced due to steal.
Stroke Vol 15, No 1, 1984 MEASUREMENTS OF REGIONAL CEREBRAL BLOOD FLOW (rCBF) by the 133 Xe method among patients with cerebral infarctions has provided little practical information because of inherent limitations utilizing this isotopic method. Limitations include: false assumptions that L^. values remain normal in infarcted tissue, tissue absorption of the isotope and Compton scatter. 1 " 10 Recent introductions of computerized reconstruction techniques makes it possible to obtain images of the brain in three dimensions. Positron emission tomography (PET) has certain advantages for measuring both blood flow and metabolism but has distinct disadvantages of excessive cost and poor resolution (circa 1 cm 3 ). The latter disadvantage is common to all isotopic methods." 12 Nuclear magnetic resonance (NMR) sometimes provides better resolution than x-ray transmission tomography (CT), particularly for the posterior fossa, 13 but satisfactory adaptation of this method for quantitative LCBF measurements has yet to be achieved. 14 Measurement of both LA. and LCBF by the CT scanner 15 " 20 provides optimum resolution (circa 80 cu cm) and estimates correct values for LX if they are abnormal. symptoms, plus any associated risk factors. The majority of cerebral infarctions were due to emboli arising from atheroslerosis of ICA. There were three patients with embolic cerebral infarction of cardiac origin. Two of these suffered sudden stroke following acute myocardial infarction and one was associated with proven atrial myxoma and thrombus removed by open-heart surgery (table 5) .
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In patients with MID, the nature of the dementia (as opposed to Senile Dementia of the Alzheimer Type or SDAT) was confirmed by medical and neurological examination, psychological testing including the Mini-Mental Status 21 and/or the Wechsler Adult Intelligence Scale (WAIS). 23 All cases showed mild to moderate dementia and were sufficiently competent mentally to sign informed consent.* All had risk factors for stroke and gave a history of fluctuating or stepwise course, usually with a history of overt stroke and asymmetric and focal neurological signs. Patients with acute and severe stroke were not included until their condition was stable and they were able to cooperate during CT CBF scanning, because this requires that the head remain motionless for at least 12 minutes. Patients with cerebral infarction other than MID, were classified as having LCBF measured, in the acute stage, if recorded within three weeks of onset of the ictus or, in chronic states, if measured between three weeks to two years after the stroke.
Cases of MID associated with SDAT, the most common cause of dementia in the elderly, were also excluded. The quantitative Hachinski ischemic index 24 was included among identifying criteria for separating MID and SDAT. Patients with an ischemic index of seven or more were considered qualified to meet the rigid criteria used for the diagnosis of MID. 19 In MID cases LCBF and LA. measurements were measured at least three months after the last stroke. The Hachinski ischemic index has been shown by two separate autopsy studies as valid for predicting correct diagnosis of MID versus SDAT. 25 26 •Informed consent forms, and protocols describing the studies reported here were approved by the Institutional Review Board of Baylor College of Medicine and the VA Medical Center, Houston, Texas.
Of 17 patients with AVM, three were small (2 cm or less in diameter), six were medium-sized (2-6 cm) and eight were large (over 6 cm). Ten AVMs were located in the right hemisphere and seven in the left.
All patients were alert and cooperative during CT CBF examinations which were carried out in a lighted room, with the eyes closed, and without sensory stimulation other than usual ambient noise unavoidable in CT rooms.
The preponderance of males listed in the Case Material in the present study is accounted for by numerous referrals from the Houston Veterans Administration Medical Center, although non-veterans were also referred from other hospitals. Table 1 displays mean age, mean arterial blood pressure (MABP) and mean end-tidal PCO 2 (PECO 2 ) values recorded at the time of LCBF and LX measurements among the different groups. MABP was significantly increased compared to healthy volunteers, among the patient groups: TIAs (p < 0.02), RINDs {p < 0.01), cerebral infarctions (p < 0.01) and MIDs (p < 0.001). This is attributed to the occurrence of hypertension as a risk factor for stroke. No significant group differences for PECO 2 were found.
Methods
Measurements of LCBF and LX were carried out by the stable Xenon CT Cerebral Blood Flow (CT CBF) method using a single compartmental analysis model, details of which have been reported previously.
18 ' 19 In brief, patients were fasted for four to six hours prior to CT CBF measurements carried out with an EMI 1010 scanner. Body nitrogen was displaced by inhalation of 100% oxygen for 15 minutes prior to measurements. Inhalation of 35% xenon gas mixed in oxygen was then instituted for 7-10 minutes. Three control scans were made during the interval of 100% oxygen inhalation followed by three to four serial scans during inhalation of 35% stable xenon gas. A semi-closed partial rebreathing system was utilized to administer the gas mixture. This avoids abrupt changes of alveolar xenon concentration and ensures gradual buildup of xenon concentration in blood and brain tissues.
Local cerebral enhancements by xenon gas were ) were recorded throughout each inhalation of the gas by means of a polygraph and a GowMac thermoconductivity gas analyzer. Since PeXe s has been shown to be in equilibrium with arterial xenon concentrations, these values are converted to AH changes for arterial blood by means of a proportionality constant. Result and AH changes for blood were utilized for correction of recirculation. 27 LCBF and LA. values were calculated by means of a computer program with least square fitting of saturation curves for both end-tidal (arterial blood) and brain tissue AH values to infinity." Blood pressure, PECO 2 , PEO 2 , EKG and EEG were concurrently recorded on the polygraph.
Mean values for all data are given with standard deviations (Mean ± SD). Statistical analysis was carried out by student's t-test.
Results
LCBF and LX Values Measured In Normal Aging
The upper regression line in figure 1 Normal mean gray matter LCBF values for the group as a whole, were estimated by pooling data measured from both hemispheres for cortical and subcortical gray matter. From this pool, normal agematched subgroups were selected for comparison with each of the different subgroups of patient categories. The total group of 20 normal volunteers had a mean age of 52.1 ± 22.5 (S.D.) years. LCBF values for cortical gray matter were 75.4 ± 13.8 mis/lOOgbrain/ min, for basal ganglia were 73 ± 11.9, for white matter were 26.5 ± 4.5 mls/lOOgbrain/min.
As shown in figure 1, mean hemispheric gray latter LCBF values for the 20 normal volunteers showed significant negative correlation with advancing age (r = -0 . 9 4 , p < 0.001).
LX values, however, showed no change with advancing age. Normal LX values were: cortical gray matter = 0.87 ± 0.08, basal ganglia = 0.86 ± 0.07, thalamus = 0.91 ± 0.07, and white matter = 1.38 ± 0.10. In the nine patients with cerebral infarction (labelled INFARCTION in fig. 1 ), gray matter flow values showed similar age related declines but were significantly reduced compared to normal volunteers. Regression lines for patients with TIAs, RINDs and MID were located between those for normals and those for patients with cerebral infarction. LCBF and LX Values in Patients with Hemodynamic TIAs Associated with Unilateral Carotid Occlusion Table 6 displays LCBF and LA. values in seven patients with hemodynamic TIAs associated with unilateral complete occlusion of the cervical ICA. These values were compared with those for six age-matched normal volunteers. There were moderate reductions of pooled LCBF values measured in cerebral cortex and basal ganglia in the distribution of the ICA territory (p < 0.05) but pooled blood flow values in the thalamus and posterior cerebral distribution were within normal limits. LX values for both ischemic and non-ischemic hemispheres were also within normal limits. Table 7 displays LCBF and LA. values in three carefully selected TIA patients in whom the frequent TIAs were considered to be due to repeated fibrinoplatelet emboli from ulcerated plaques located within the carotid artery which did not significantly reduce the size of the lumen to the point of hemodynamic significance. In one case, fibrinoplatelet embolic fragments were observed in the ipsilateral retina during an attack of amblyopia fugax associated with ipsilateral hemispheric TIAs. The other two cases showed angiographic evidence of ulcerated plaques as a cause of the fibrinoplatelet emboli. One of these latter two cases underwent carotid endarterectomy and the presence of fibrinoplatelet thrombi was confirmed within the ulcerated carotid plaque. In all three of these embolic TIA cases, LCBF values were measured one to three weeks after the last episode of TIA, LCBF and LX values were not significantly different from agematched normals. 
LCBF and LX Values in Patients with RINDs
As displayed in table 8, mean pooled LCBF values for RIND patients were patchily but significantly reduced throughout the affected hemisphere. Regional LCBF values for frontal (p < 0.01) and temporal cortex (p < 0.05) were each individually reduced compared with age-matched normal values. LCBF values were also reduced in the contralateral frontal cortex (p < 0.05), a region providing collateral circulation (4 cases also had occlusion of the ICA). In six cases with RIND individual LA. values in the affected hemisphere were significantly reduced although pooled values for LXs for the entire group of patients were not significantly reduced.
LCBF and LX Values in Patients with Cerebral Infarction In the Carotid Middle Cerebral Arterial Territory
As displayed in table 9, mean cortical LCBF values were decreased throughout the hemisphere which was infarcted, due to thromboembolism in the carotid-middle cerebral arterial territory, when compared to values measured in 12 age-matched normal volunteers (p < 0.01). LCBF values for frontal, temporal and occipital cortex were all significantly decreased. The fact that reductions in LCBF values for parietal cortex did not reach levels of significance may be due to the small number of measurements made in this region for technical reasons, t LCBF values were also decreased in basal ganglia and frontal white matter compared with age matched normals (p < 0.05). In the thalamus mean LCBF values were not decreased.
In non-infarcted hemispheres mean cortical LCBF values were also somewhat reduced (p < 0.05), but LCBF values for basal ganglia were not. LA. values were also significantly reduced in the infarcted cortex supplied by the ICA, particularly in the temporal cortex (p < 0.05).
LCBF reductions in the acute stages of cerebral infarction involved both infarcted and non-infarcted hemispheres, and diffuse LCBF reduction were more evident in older patients. LCBF and LX values measured in chronic cerebral infarction (completed stroke) particularly among younger subjects, showed zones of persistent zero flow but with normal LCBF values adjacent to the infarct ( fig. 2) . Reduced LX and LCBF values were restricted to the peri-infarcted zone.
tTwo levels, eight millimeters apart, were examined by CT scanning. The levels selected rendered parietal cortex less available for measurements than other regions. 
LCBF and LA. Values in Patients with Recent Embolic Infarction of Cardiac Origin
As displayed in table 10, gray matter LCBF and LX values were reduced throughout both hemispheres in three cases of recent embolic infarction of cardiac origin compared to age-matched normals. LCBF and LX reductions were most severe in areas adjacent to the infarcted zones. Flow was zero in the infarcted zone itself, which appeared as a low density lesion by plain CT scanning. Regions of brain tissue remote from large infarcts also showed flow reductions in gray matter (p < 0.05).One 26 year old case of embolic cerebral infarction of cardiac origin (Case 1) underwent LCBF measurements six weeks after the ictus and at this time almost normal LCBF and LX values were measured adjacent to large infarcted zones indicated by zero flow and low density lesions on plain CT scanning. This patient had shown good, although incomplete, clinical recovery from bilateral hemianopias and hemiplegia. Figure 3 illustrates results of LCBF and LX measurements measured in a 62 year old male with a small hypertensive putamenal hemorrhage two days after onset. This patient, if not stimulated became slightly drowsy but he was alert, oriented and fully cooperative. LCBF and LX values were reduced throughout both hemispheres. Reductions of LA. values were most marked in the hemisphere harboring the hemorrhage. Dementia  Table 11 displays mean hemispheric LCBF and LX values measured in patients with MID (N = 11) and compared with age-matched normals (N = 9). LCBF values were significantly reduced in the cortex of frontal and temporal regions as well as in the basal ganglia and thalamus (p < 0.01). LA. values were also significantly reduced in frontal (p < 0.05), temporal (p < 
LCBF and LX Values Measured in Patients with Cerebral Hemorrhage
LCBF and LX Values In Patients with Multi-Infarct
Discussion
Patients with TIAs associated with complete occlusion of the ICA, exhibited regional flow patterns which were different from patients with TIAs due to ulcerated plaques of the ICA giving rise to fibrinoplatelet emboli, but without hemodynamically significant ICA stenosis. In ICA complete occlusion group, flow patterns were reduced in the distribution of the occluded carotid artery so that transient neurologic deficits might be expected, if cardiac output or cerebral collateral circulation became temporarily reduced. In patients with TIAs due to fibrinoplatelet emboli LCBF values were normal. Wise et al 28 recently reported measurements of LCBF and local cerebral oxygen extraction utilizing the PET scanner in patients with TIAs and RINDs due to carotid occlusion but with complete recovery of neurological function. Regional CBF in such patients was decreased and regional oxygen extraction was greatly increased. Such patients demonstrated cortical depletion of local cerebral oxygen reserve limited to regions giving rise to the neurological deficits. Carotid stenosis, unless severe, does not reduce CBF. In such patients, TIAs are likely to be of embolic origin. Brice et al 29 reported that the lumen of an artery must be reduced to less than 5 mm 2 before significant reduction in blood flow will occur, provided that the collateral circulation remains intact.
All patients with TIAs reported here showed no cerebral abnormalities (e.g. low density lesions) by plain CT scanning which is consistent with clinical reports by others. 3031 Likewise, LX values were normal, indicating cerebral tissue integrity; since solubility of xenon in edematous or gliotic brain tissue has been shown to be reduced. 16 l8 Present LCBF and LX measurements appear to clarify pathogenetic mechanisms for two separate types of TIA and RIND. In cases with complete occlusion of one carotid artery and TIAs associated with periodic hemodynamic crises, (e.g. due to temporary reduction of cardiac output or failure of the collateral circulation) regional LCBF values at all times appear to be severely reduced in the carotid distribution. In cases with TIAs due to fibrinoplatelet emboli from ulcerated plaques, LCBF values are often normal or are temporarily reduced to a less severe degree in the region embolised. 3246 Previous investigators have likewise reported two different patterns of rCBF in TIA patients. Some cases reported showed reduced rCBF values in the appropriate cerebral regions to account for the neurological deficits, while other cases were reported to show normal values. [32] [33] [34] [35] [36] [37] 46 Patients with amaurosis fugax are usually ascribed to be retinal TIAs of embolic origin, as appeared to be the case in all but one of the cases reported here. Amaurosis fugax can rarely occur when the ICA is completely occluded and then may be ascribed to recurrent hemodynamic crises due to retinal ischemia. 39 Another possible cause of retinal and cerebral TIAs, when the ICA is occluded, may be embolism from the stump of the internal carotid via the external carotid artery to brain and/or retina. One of the patients reported in the present series had complete ICA occlusion (Case 6) with attacks of amaurosis fugax. According to Fisher and Ojemann, 43 it is possible for embolic and hemodynamic causes to coexist in the same patient having TIAs associated with complete ICA occlusion. There have been several reports concerned with patients suffering from TIAs associated with ICA occlusion who were symptomatically improved following extracranial-intracranial by-pass procedures, particularly if regional cerebral perfusion in the distribution of the ICA was shown to be deficient prior to the procedure. 4445 Five of the patients reported here who had complete ICA occlusion underwent superficial temporal artery to middle cerebral artery by-pass surgery and reported reduction or cessation of TIA episodes. These clinical observations, correlated with cerebral perfusion measurements, support hemodynamic as well as embolic mechanisms for TIAs in patients with complete ICA occlusion.
In the present series of RIND patients, 50% of whom had ICA occlusion, LCBF values were reduced not only in the ICA territory of the ischemic hemisphere but also in the frontal cortex of the contralateral hemisphere. This region supplies collateral flow to the ischemic hemisphere via the anterior cerebral artery and such contralateral hemispheric flow reduction may be attributed to steal. 46 In patients with RIND, LX values were frequently reduced as well as LCBF values in parietal and temporal cortex. This may be attributed to small zones of gliosis or edema resulting from minor infarctions.
15 " 19 - 47 These small or lacunar infarctions were not readily recognizable as low density lesions by plain CT scanning but became more apparent after xenon contrast enhancement.
In cerebral infarction due to embolization associated with carotid-middle cerebral disease, zones of persistent zero flow were demonstrated. In acute stages LCBF and LX values were generally decreased throughout the infarcted hemisphere and usually to a more marked degree than corresponding regions of the contralateral hemisphere. Such abnormal patterns may be attributed to diaschiasis and/or cerebral edema. 46~4 * In some cases of recent infarction, there were "mirrorimage" regions in the contralateral non-infarcted hemisphere where perfusion was reduced. Similar "mirror image" regions of reduced flow and metabolism after acute cerebral infarction were reported by Lenzi et al and probably represent deafferentiation or disconnection syndromes. 49 Patients with embolic infarction of the brain of cardiogenic origin also showed zones of zero flow, with diffuse reductions of LCBF and L^. values in the acute stages, but in chronic stages there was restitution of LCBF values toward normal even adjacent to the infarcted regions, where zero flow values persisted. This was interpreted to indicate less atherosclerosis of the cerebral vasculature in cerebral embolization of cardiac origin. In such cases, the prognosis is likely to be better for recovery of cerebral perfusion and function than in cases with emboli arising from atherosclerosis of the carotid arteries, in such cases associated diffuse atherosclerosis of cerebral vessels is more common.
In the patient with a small cerebral hematoma, LCBF and also LX values were diffusely decreased due to diffuse cerebral edema. 47 plain CT scanning which probably accounted for the drowsiness noted clinically, together with excellent neurological recovery as the edema subsided. As discussed earlier, LX values may become reduced due to causes other than edema such as cell necrosis and gliosis, but in the present case of recent cerebral hemorrhage with a benign course, reduced LA values were considered best accounted for by cerebral edema.
Patients with MID showed consistently reduced LCBF values in fronto-temporal cortex and subcortical gray matter. LX values in MID were likewise reduced in a patchy manner in fronto-temporal cortex and thalamus. Such a patchy distribution of bilateral ischemic tissue change is consistent with the well-known frequency of arterio-and arteriolosclerosis of the middle cerebral artery and consequent lacunar infarcts reported at autopsy. These bilateral lesions in MID patients distributed throughout thalamus, basal ganglia and sylvian cortex appear to correlate with the severity of dementia noted clinically. Patterns of patchy flow reductions, and associated reduced LA. values, appear to be useful in differentiating MID from SDAT, since in SDAT LX values remain normal associated with more severe and diffuse reductions of LCBF values. 19 Patients with AVM showed consistent and marked LCBF reductions measured in cortical and subcortical gray matter for the entire brain remote from the AVM, but most marked in regions adjacent to the lesion. This evidence confirms previous speculations" that steal attributable to shunt flow occurs around cerebral AVMs and accounts for many of the neurological symptoms and signs not attributable to hemorrhage, and which were relieved by total excision of the AVM in six of the cases included here, and described in detail elsewhere. 32 Declines of cortical and subcortical gray matter blood flow associated with advancing age and reported from measurements made by the m Xe method have been confirmed. 33 Reductions of CBF with advancing age are considered to reflect numerical reductions of hemispheric neurons, reduced metabolism of those that remain, together with progressive age-related vascular rigidity or subclinical cerebral arteriosclerosis. 33 Considered in this manner advancing age itself should be considered among the risk factors for stroke. The older an individual, the less complete will be the neurological recovery after a stroke, and the more vulnerable he or she will be to repeated infarctions which will result in reduced cognitive function and eventually in MID. 1934 In patients with MID studied in the present series, several examples were encountered of " silent stroke''. In these patients, neither the subject nor relatives and friends were able to recall any clinical concomitants of cerebral infarctions clearly visible by plain and xenon contrast CT scans. Ladurner et al 33 likewise reported observations of "silent stroke,'' identified by CT scanning. Present experience confirms that minor neurological symptoms associated with silent cerebral infarctions may be attributed by attending physicians and family members alike to "confusion", "depression", "syncope" and "injuries" due to minor falls.
